ABSTRACT: The particle separation efficiency by flotation sharply decreases or even completely fails when the diameter of dispersed particles falls into the nanoscale. In the present laboratory work, humic acid was used to enhance the removal of TiO 2 nanoparticles from suspension in a chemical coagulantfree dissolved air flotation process. Without humic acid, merely 63.8% of TiO 2 nanoparticles were removed. For the humic acid-assisted dissolved air flotation, the pH of humic acid solution significantly influenced the removal efficiency: more than 90% of nanoparticles could be separated when the pH of the humic acid stock solution was acidic; however, the basic solutions resulted in rather poor performance. In the acidic solution, the fiberlike humic acid might form colloids through the attraction between hydrophobic moieties. They possibly acted as a fishnet and trapped nanoparticles, leading to the great measured bubble−particle attachment efficiency. In all the effluents, a low residual dissolved organic carbon was observed, revealing a good participation of humic acid in flotation. Moreover, a higher air-to-solid ratio could improve the nanoparticle elimination by offering a larger surface area of air bubbles. The fractal dimension of flotation flocs demonstrated that the aggregates with compact structure took greater advantage in the flotation separation of nanoparticles.
INTRODUCTION
Titanium dioxide (TiO 2 ), frequently used as a white pigment, is incorporated into a wide range of industrial products like paints, papers, lacquers, and ceramics. It becomes transparent at the nanoscale, being able to absorb and reflect ultraviolet light. TiO 2 nanoparticles (TNPs) are abundantly produced and widely applied because of their high stability and anticorrosion and photocatalysis properties. 1 Consequently, it is inevitable that those products and byproducts enter the aquatic environment. 2 Release of TNPs may come from point sources, such as industrial effluents, or from nonpoint sources, such as wet deposition from atmosphere, stormwater runoff, and attrition of products containing TNPs. 3 For instance, the runoff emanating from rainwash of building surfaces may contain a high amount of TNPs. The fate of TNPs in the ecosystem and their effects on the human health are of growing concerns. Their possible major entries into cells are endocytotic routes. 2 Compared with bulk and fine TiO 2 particles, the TNPs are more likely to generate damaging reactive oxygen species (ROS). 4 An excessive and sustained increase in ROS has been implicated in the pathogenesis of cancer, diabetes mellitus, and other diseases. 5 Hepatic injury, renal lesion, and myocardial damage may result from the retention of TNPs in the liver, kidneys, and other tissues. 6 These health and eco-environmental risks demonstrate a strong need for the development of effective treatment processes to remove TNPs from wastewaters.
Flotation has a great potential in the removal of nanoparticles (NPs) and submicrometer particles from wastewaters. Techniques such as carrier flotation and agglomerate flotation have been suggested as ways of increasing flotation rates of colloids and ultrafines. 7, 8 The collision dynamics is regarded as one of the most crucial factors deciding the collection efficiency of particles by flotation.
9,10 NPs with diameter less than 100 nm undergo Brownian diffusion, which is considered as the principal NP−bubble collision mechanism. When particles are large enough to be unaffected by Brownian motion, i.e., greater than some micrometers, the interception mechanism plays a dominant role; the bubble−particle collision efficiency rises with the increase of size ratio between particles and bubbles. 11, 12 In order to achieve the high NP removal, two important approaches for improving the capture efficiency of NPs by flotation can be determined: (i) reducing the bubble size to gain a high specific surface area of bubbles as well as to reinforce the Brownian diffusion mechanism and/or (ii) DOI: 10.1021/acs.iecr.6b04572 increasing the particle−particle interaction to form the nanoparticle aggregates and thus to facilitate the interception mechanism. 13 For the former, dissolved air flotation (DAF) has been extensively adopted and was obviously chosen in this study. Tiny bubbles with the diameter of 40−80 μm are produced in the DAF process by releasing the pressurized water (400−600 kPa) in the contact zone.
14 For the latter, coagulants and/or flocculants are introduced as flotation-assisting reagents so that the coagulation of particles and the heterocoagulation of bubble−particle can be beneficial through charge neutralization, sweep flocculation, and so forth. 15 Lien and Liu tested the treatment of chemical mechanical polishing (one of its main components is silica NP) effluents by DAF. 16 The effective removal of particles from wastewater was found when using the cationic surfactant cetyltrimethylammonium bromide as collector. Liu et al. also found that silica NPs could be well removed by DAF combined with the surfactant aided coagulation process. 17 However, apart from surfactants and traditional coagulants/flocculants, novel and environmentally friendly flotation-assisting reagents are still required. With their help, NPs are expected to be effectively and efficiently removed, but concomitantly, fewer or even no chemical reagents would be introduced into the environment by the flotation treatment.
Because natural organic matter is likely to bind with the metal oxide NPs and influence their aggregation potential, 18 humic acid (HA) was thus selected as the environmentally friendly flotation-assisting reagent to be tested in the present work. HA, as one of the three organic fractions of humicsubstance, is apt to interact with metal oxide NPs: 19, 20 First, the large surface area of metal oxide NPs provides space for HA adsorption. Second, HA is composed of a large number of aromatic rings linked together by alkyl chains of variable lengths, resulting in a flexible skeleton that can help make bridges between TNPs or between TNP and bubble surfaces. Third, typical HA molecular structures may correspond to polyanions through the full ionization of their carboxylic groups; the positive surface charges of TNPs can be electrostatically attracted by the polyanions, resulting in the aggregation of TNP−HA. Last but not least, at acidic or neutral pH, HA looks like fibers or bundles of fibers, and these sheetlike structures may catch NPs. The strong colloidal interaction between HA and the surface of metal oxide NPs will induce HA−NP adhesion. Therefore, HA has a great potential as a flotation activator for the removal of metal NPs. ReyesBozo et al. 21, 22 found that HA had a strong affinity with mineral species and changed the hydrophobicity of ores; therefore, it was successfully applied in their study as both flotation collector and frother for copper sulfide ores. The interaction between HA and titania NP aggregation was also studied previously: 23, 24 HA could promote the aggregation as well as the flotation of TNPs. However, the related mechanisms were not completely understood and much work is still needed to further investigate the role of HA in the flotation separation of NPs. Moreover, HA is considered as a natural organic matter leading to either aesthetic issues (like unpleasant color) or undesirable health effects associated with disinfection byproducts. 25 Thereby, DAF in this study should also minimize the residual HA content in the effluent; thus, both TNPs and HA are expected to be simultaneously removed without any addition of chemical coagulants or other flotation additives.
The objective of this work was to specifically study the role of HA on the DAF separation of TNPs under different conditions. The pH effect on the flotation performance was first investigated in the absence of HA. Experiments were then carried out at various concentrations and pH values of HA solutions to evaluate the flotation efficiency. To better understand flotation mechanisms and interactions between TNPs and HA, the size and structure of aggregates were analyzed. The influence of fluid flow rates over the DAF behavior was also explored by adopting different air-to-solid ratios.
MATERIALS AND METHODS
2.1. Chemicals. All experiments were performed at a constant room temperature of approximately 20°C. Deionized water with conductivity lower than 1.7 μS/cm was used to prepare the pressurized water, TNP aqueous suspensions, and all solutions. Certified analytical grade sodium hydroxide (NaOH) solution (2 mol/L, free of carbonate) (Fisher Scientific, U.K.) was diluted to 0.1 mol/L and used as pH regulator in the DAF process.
A commercial sodium salt of HA (Carl ROTH, Germany) was used for the preparation of HA stock solution with the method described previously. 23 The HA concentration was determined by TOC analyzer (Shimadzu corporation, Japan) with regard to dissolved organic carbon (DOC), and expressed as "mg/L DOC". The HA stock solution was used for 2 weeks after preparation. The effect of pH on the solubility of HA solution was tested by adding hydrochloric acid (HCl) (AR, Carl ROTH, Germany) into the prepared HA stock solution and then measuring the variation of HA concentration in the solution. It is shown in Figure 1 that the HA concentration remained around 525 ± 25 mg/L DOC in a wide pH range of 4−13. As the pH decreased to 3.3, the HA concentration reduced to about 206.5 mg/L DOC and the resulting precipitates could be visually observed at the bottom of the vessel. This decrease of solubility as a function of pH value can be interpreted as follows: The extent of ionization of several carboxylic groups carried by HA molecules decreased significantly when pH became lower than 4 because the pK of the carboxylic function is known to fall between 4.5 and 4.7. In such conditions, HA molecules exhibit weaker repulsion between one another. Owing to the presence of large hydrophobic moieties in their structure, HA molecules would thus tend to form aggregates so as to reduce the unfavorable contact with the surrounding aqueous phase, and finally sediment could even be observed. Consequently, in the aqueous solution with a pH lower than 4, the HA molecules were not well-soluble. Other characteristics of the HA stock solution (the critical micelle concentration of HA and the relationship between DOC and dilution factor) can be found in a previous study. Figure  2 shows the narrow particle size distribution of TNPs measured by dynamic light scattering (DLS, Nanotrac NPA250 from Microtrac, United States). The average particle diameter (d p ) was determined to be 14.5 nm. The effect of pH on zeta potential of the TNP suspension was investigated and is presented in Figure S3 of the Supporting Information. The isoelectric point (IEP) was at approximately pH 5.7. Other physicochemical properties measured and provided by the producer are summarized in Table 1 .
Turbidity was measured with a 2100N-IS Turbidimeter (HACH, United States); zeta potential was analyzed with a NanoZS (Malvern Instruments Ltd., U.K.); pH was measured with a pH-539 pH-meter (WTW, Germany) and a SenTix 41 pH-electrode; and conductivity was measured with a LF 538 conductivity meter (WTW, Germany) with a Tetracon 325 probe.
2.3. DAF Experiments. 2.3.1. DAF Apparatus and Operating Conditions. DAF experiments were carried out in a continuous laboratory-made device (shown in Figure 3 ). The DAF experimental procedure has been elaborated previously. 24, 26 Liquid flow rates of TNP aqueous suspension (Q 1 ), pressurized water (Q 2 ), effluent (clarified water) (Q 3 ), and reagent (Q a ) (NaOH or HA) were individually controlled for different operating conditions by peristaltic pumps. A pressure of 600 kPa was set in all the DAF experiments herein for the white water production. Measurements by laser diffraction sizing (Malvern Spraytec) denoted that bubbles produced with this saturator and discharge valve had an average diameter, d b , of approximately 70 μm.
For the DAF application in the water engineering, a definite amount of air is necessary especially for the influent with low solid concentration; however, when the influent solids concentration increases above a certain threshold (hundreds of milligrams per liter, such as the case in the present work), the increased performance is obtained at higher mass ratios of air to solids (A/S). 27 In this study, the DAF efficiency is related to A/ S due to the high concentration of TNPs, which can be expressed as (1)
where ρ air = 1.21 kg/m 3 and ρ TNP = 4.2 g/cm 3 (20°C, 101.3 kPa). The flow rate, Q 1 , and the volume concentration, C 0V , of the TNP aqueous suspension are predetermined; hence, the solid (TNP) flow rate, Q s , can be determined by Q 1 ·C 0V .
The A/S is also derived from the bubble flow rate Q b :
where K H is the Henry constant (
28 p is the relative pressure for dissolving air (600 kPa in this study). Herein, three A/S values were used in the experiments. The operating conditions for studying the effect of A/S are summarized in Table 2 .
It should be noted that the ratio Q 2 /Q 1 was determined by K H , p, d b , d p , and C 0V , and the detailed calculation can be found in the Supporting Information. When the weight concentration of TNPs was fixed as 0.15%, Q 2 /Q 1 was 559%, which should have been the minimum value but in fact would be too high for dilute suspensions in the water engineering; therefore, the values of Q 2 /Q 1 adopted in this study were adjusted to be lower (as presented in Table 2 , though they were still high).
Although the focus of the present work was on the phenomenon of TNP flotation separation and not on the optimization of the process, it should also be noted that most of the fluid exiting the DAF is directed to the foam/sludge compartment, which could negatively affect the efficiency of the system. 2.3.2. Evaluation of DAF Performance. Samples of clarified water were taken after 5 min of the DAF test. This duration was determined by preliminary flotation experiments which confirmed that the effluent could reach a steady state after 4.5 min. Ti contents in the effluent and influent were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Zeta potential, pH, and residual DOC concentration were also measured to characterize the water characteristics before and after DAF.
The TNP removal efficiency, η, was determined by excluding the dilution effect caused by the addition of pressurized water:
where C 0 and C 3 are TNP concentrations of influent and effluent, respectively. C D was considered to be the diluted TNP concentration resulting from the addition of pressurized water and reagent solution and could be calculated as follows:
A similar efficiency η′ was used to estimate the amount of HA removed from the stock solution by flotation:
HAstock a
where C HAstock and C 3 ′ were HA concentrations in the HA stock solution and in the DAF effluent, respectively. C D ′ was the HA concentration caused by the dilution effect:
2.3.3. Structure and Size Measurement of TNP Aggregates in the Surface of the Separation Zone of the DAF Unit. Flocs formed under operating conditions no. 2 (Table 2 ) with the following physiochemical conditions (pH DAF suspension = 5.5 for pH adjusted DAF, and HA dosages of 6.8 and 11.1 mg/L DOC for HA assisted DAF) were carefully collected by plastic Pasteur pipet from the water surface of the separating zone immediately after DAF and analyzed by a Mastersizer 2000 instrument (Malvern Instruments Ltd., U.K.).
The particle size distribution was measured via laser diffraction. The mean diameter, d 50 , was selected as the representative aggregate size, though similar general trends were observed from d 10 and d 90 in all experimental conditions. The small-angle laser light scattering method was used to determine fractal dimension, D f , of DAF aggregates. Particles in samples scatter light proportionally to their size, which is independent of which part of the particle at a constant angle. 29 The total scattered light intensity, I, is a function of the scattering vector, Q, which can be described as wavenumber. Q is the difference between the incident and scattered wave vectors of the radiation beam in the medium given by
where n is the refractive index of the suspending medium, θ the scattering angle, and λ the wavelength of the radiation. It has been shown that for a mass fractal aggregate, which satisfies conditions for Rayleigh−Gans−Debye regime, the scattered light intensity, I, scales with Q according to 30 
∝
This relationship holds when the length scale of investigation is much larger than the primary particles size and much smaller than the aggregate size. 31 This condition was satisfied in the present case where the primary NP size was around 15 nm, while the floc size could be at least 10 μm.
RESULTS AND DISCUSSION
3.1. Influence of pH on Flotation Separation of TNPs in the Absence of HA. Studies by Dunphy Guzman et al., 32 Pettibone et al., 33 and French et al. 34 indicated that pH can significantly affect the stability, surface adsorption, and reactivity of TNPs in suspension. Hence, it is of great importance to investigate the effect of pH on the flotation performance before exploring the performance of HA-assisted flotation. Operating conditions no. 2 in Table 2 was used. Experiments were conducted at varying pH values from 3.2 to 9.9 by adding NaOH solution into the contact cell during the experimental process. Flow rates of NaOH (Q a ) were determined by required pH values.
The obtained results are depicted in Figure 4 . The removal efficiency remained above 10% within the overall tested pH range. The TNP removal efficiency, η, remained low at pH < 4.5 but increased sharply at pH around 5. The highest removals (around 60%) were achieved at the pH values of 5.5 and 6.4 (63.8% and 56.5%, respectively). η kept falling when the flotation suspension was basic. Along with the change of TNP removal, the variation of the zeta potential went through three stages: (i) being positive at around +40 mV (and even slightly increasing from pH 3.2 to 4.6), (ii) sharply dropping and showing a reversal from pH 4.6 to 8.8, and (iii) remaining at an average level of approximately −38 mV at pH greater than 8.0. The results may be interpreted by invoking the charging behavior of metal oxides, which is intimately related to the difference between the pH of the contacting solution, and the IEP of solid particles. TiO 2 is known to present numerous −OH surface groups that are able to favorably create hydrogen bonds with water molecules. 34 of the TNPs could be removed, pointing out that the addition of OH − destabilized the positively charged TNPs by neutralizing the surface charges: when there was no more electrostatic repulsion between TNPs (the pH of suspension was close to IEP), the aggregation of TNPs was significantly promoted and the resulting large aggregates were thus more easily captured by bubbles.
It should be pointed out that the maximum TNP removal was only ∼64% by just adjusting the pH of initial TNP suspension; other flotation-assisting reagents, such as HA, were therefore required in order to enhance the DAF performance.
3.2. HA-Assisted Flotation for the Removal of TNPs. 3.2.1. Effect of HA Concentration. The influence of HA on the DAF performance (TNP separation efficiency, HA removal, zeta potential, and pH of flotation effluent) was studied under the same operating conditions as in section 3.1. The HA dosage ranging from 0 to 21 mg/L DOC was controlled by changing the flow rate of the HA stock solution. Because pH greatly influenced the flotation efficiency according to the experimental results of section 3.1, the HA stock solutions were adjusted to pH 4.7, 6.2, 8.9, and 12.1 before being added into the flotation aqueous system.
As described in Figure 5 , when pH HAstock was 4.7, a TNP removal efficiency better than 92.0% was achievable at HA dosages greater than 11.1 mg/L DOC. With a maximum TNP separation of 99.6%, using about 20.8 mg/L DOC of HA, as much as 94.2% of HA was simultaneously removed; meanwhile, the zeta potential of flotation aggregates was −14.5 mV, and the pH of flotation suspension was around 3.6. Increasing the pH of HA stock solution to 6.2, DAF then removed around 99.0% and 91.0% of TNPs and HA, respectively, by dosing more than 11 mg/L DOC of HA. Under these conditions, the zeta potential declined to −24.7 mV and the pH rose to 4.1. When pH HA stock was further increased to the basic range (8.9 and 12.1), the maximum TNP removals fell to 72.7% (pH HA stock = 8.9, HA dosage = 11.1 mg/L DOC) and then to 40.4% (pH HA stock = 12.1, HA dosage = 8.7 mg/L DOC); HA removals were 85.7% and 93.3%, respectively. The pH value of effluents turned from acidic to basic with the increasing dosage of HA, owing to the addition of alkaline HA stock solutions. Similarly to what was observed from the pH-induced flotation in section 3.1, when the zeta potential was around zero, the flotation suspension exhibited the lowest stability; thus, the TNP aggregation was facilitated. 23, 35 As for the effects of operating conditions on the HA-assisted DAF for the TNP removal, the related exploration will be carried out in the following part.
3.2.2. Effect of A/S Ratio. The parameter of A/S is closely related to flow rates of bubbles and influent, as well as to the influent concentration; hence, it significantly influences the separation efficiency of flotation. Three A/S values (0.06, 0.11, and 0.18 in Table 2 ) were tested. The pH of the HA stock solution was chosen to be 12.1 to allow the probable increase of flotation efficiency with A/S (the TNP removal at pH HA stock = 12.1 in section 3.2.1 was low in comparison with those at lower pH values). The DAF performance as a function of HA dosage at each A/S is presented in Figures S6−S9, indicating that (1) the use of DAF-assisting reagents was necessary because the TNP removal efficiencies were as low as 4.5%, 13.6% and 17.7%, respectively, without the HA addition and (2) the optimum HA concentrations for these three A/S values (0.06, 0.11, and 0.18) were 11.8, 8.7, and 6.8 mg/L DOC, respectively. The specific comparison was made among different A/S ratios at the optimum HA dosages in Figure 6 .
For the A/S ratio of 0.06 and 0.11, the pH values of the flotation system were 4.9 and 5.8, respectively, and the related zeta potentials approached zero. Although the electrostatic attraction between TNPs and basic HA could result in the TNP−HA aggregates by the heterocoagulation, the insufficient air bubbles hardly supported a high TNP removal. It is worth noting that the TNP removal efficiency increased from ∼40.4% (A/S = 0.11) to ∼68.1% (A/S = 0.18). With the higher air input (A/S = 0.18), a greater TNP removal could then be obtained because more air bubbles were introduced into the DAF system, giving rise to a greater bubble surface area available for collecting TNPs.
Size Distribution and Structural Characteristics of
Aggregates in the Surface of the Separation Zone of the DAF Unit. The aggregate (particle) size affects the collision efficiency in the flotation process and hence may influence the removal efficiency. As presented in Figure 7 , the addition of HA or OH − ions resulted in the formation of large TNP aggregates, with d p varying from 19 to 136 μm. Because the recovery of particles by flotation was confirmed to be the most successful at the particle size between 10 and 200 μm, 11−13 the flotationassisting reagents (HA or pH regulator) used here could facilitate the TNP removal.
Fractal structure is among the crucial physical properties having an impact on the efficiency of unit processes in water treatment works. 36 TNP aggregates in the presence and absence of HA generated in the DAF process were compared in terms of fractal dimension, D f (Figure 8) . The relationship between the scattered light intensity (I) and wavenumber (Q) (eq 8) on a log−log scale for the D f determination is given in Figure 8a . All the D f values were restricted to the same Q range. For all the D f calculations, the determination coefficient of the regression line was high (R 2 > 0.99). As shown, the flotation flocs under investigation exhibited the typically scattering behavior of mass fractal objects. The D f values were in the range of 1.80−2.90. It could be observed that the greater addition of HA molecules during flotation could bring about more compact flocs, which was possibly caused by the tight combination between TNPs and the sufficient HA. From a combined view of particle removal and floc structural character, the flocs with close conformation rather than the open structure gave more benefit in DAF under the same flotation conditions. 3.4. Mechanism Discussion of HA-Involved DAF. It is obvious in section 3.2.1 that the acidic HA stock solution helped to enhance the TNP removal by DAF. The optimum flotation efficiency was obtained when the pH values of the effluents were lower than 4 (Figure 5d ). The possible interfacial process could be illustrated as route A in Figure 9 . Being in the acidic or weakly acidic solutions, the majority of HA were not well-soluble (shown in Figure 1 ). Owing to the presence of their large hydrophobic moieties, the HA molecules possibly tend to aggregate in order to escape from the surrounding aqueous environment. They may be organized as fibers or as bundles of fibers at acidic or neutral pH. 19 Thus, an extended colloidal fishnet is created, in which the TNPs are enmeshed or trapped by sweeping flocculation, allowing also an easy bubble capture in DAF. This effect was notably reinforced with a greater amount of HA molecules. Accordingly, high HA removals were effective because the majority of HA molecules should be implicated in these consolidated particle aggregates which were collected and removed by DAF bubbles.
In the basic HA stock solutions (i.e., at pH 8.9 and 12.1), when the pH values of the effluents were lower than the IEP of TNPs, the HA molecules might directly adsorb onto the positively surface-charged TNPs through electrostatic attraction or via ligand exchange with their phenolic (−OH) and/or carboxylic (−COOH) groups. 20, 23 The particle aggregation was thereby promoted as elaborated by route B in Figure 9 . It was in accordance with Figure 5a,c (with these alkaline HA stock solutions) that high TNP removal efficiencies were attained at the point where the zeta potential was reversed. However, when the pH became greater than IEP, the negatively surface-charged TNPs were electrostatically repulsed by the HA polyanions in the bulk, in which case the decrease of TNP removal efficiency was observed. A large number of HA molecules were collected and removed probably through the adhesion of the accessible hydrophobic portions of HA polyanions onto the air bubbles. Nevertheless, this bubble−HA attachment apparently decreased when the pH of the flotation system was >6, suggesting that the repulsion between the fully ionized HA polyanions and the negatively charged bubbles 31, 33 was strong enough to hinder their adhesion.
In addition, the difference in floc morphology is also presented in Figure 9 . As a direct comparison, TNPs were found to compactly aggregate with the HA colloids or the fiberlike HA molecules (in the acidic solution) and the weakly hydrolytic HA (in the basic solution) in flotation (D f > 2.50 in Figure 8) ; however, the HA polyanions in the highly basic solution were apt to form loose flocs with TNPs due to their expanded structures.
Encouragingly and interestingly, favorable HA removals were obtained at comparatively wide HA dosages and all the tested A/S ratios. This demonstrated the participation of HA in the DAF process. This was in agreement with a previous study which highlighted the importance of the strong interaction between TNPs and HA molecules via the analyses of Fourier transform infrared spectrum (FT-IR), aggregate size distribution, and HA adsorption on TNPs. 23 Herein, the TNP removal by DAF was deeper investigated and analyzed by particularly changing the HA properties in flotation, finally determining the flotation characteristics with the assistance of HA but in the absence of traditional chemical coagulants.
CONCLUSIONS
In the present study, the HA-assisted DAF was found to efficiently enhance the TNP removal in a coagulant-free process when the HA property was well-controlled. The pH value of the flotation suspension greatly impacted the TNP removal efficiency because the positive surface charges of TNPs could be effectively neutralized by OH − through electrostatic attraction. In the pH-dependent DAF, the highest TNP removal of 63.8% was obtained near the IEP of TNPs. As for the HA-involved DAF, as high as 99.0% of TNPs and more than 90.0% of HA were simultaneously removed when the HA stock solutions were adjusted to be acidic. In those cases, the HA molecules were poorly soluble in the flotation suspension; thus, the presence of those extended HA aggregates and fiberlike HA molecules in the acidic or neutral suspension might act as a colloidal fishnet in which TNPs could be enmeshed or trapped. Consequently, the bubble capture efficiency in DAF was reinforced. In terms of the characteristics of aggregates in flotation, the size of TNP−HA flocs fell in the particle range where aggregates could be efficiently captured by bubbles, and the flotation separation was then facilitated. Those flocs with denser conformation were preferable in DAF. Moreover, it was shown that a higher A/S ratio could help to improve the DAF efficiency by providing a greater bubble interface area. In sum, with respect to the high TNP removal efficiency and the low chemical reagent addition, using HA as DAF activator was obviously a sound choice because the chemical coagulants were not needed and the extra DOC pollution was not generated. However, it should also be pointed out that a large amount of pressurized water was still demanded in the current DAF process. In future research, several possible and interesting aspects may be particularly focused on: (1) simultaneously removing NPs and HA by DAF through just preadjusting the pH of the HA-contained natural water to an acidic value; (2) improving the experimental design and the DAF apparatus, reducing the amount of pressurized water used, and controlling the amount of foam/sludge produced in that process; and (3) neutralizing the pH before the final discharge when the effluent is acidic.
